Significance StatementThis study provides new mechanistic insight into how regulation of cellular NAD and energy pools change with cardiomyocyte differentiation from human pluripotent stem cells (hPSC) and further informs how inhibition of nicotinamide phosphoribosyltransferase could be implemented within the context of cardiomyocyte differentiation to eliminate tumorigenic cells. Here we show how to refine approaches for eliminating tumorigenic cells that may be present in cardiomyogenic differentiation cultures, with shorter pulse treatments as a potential strategy to eliminate hPSC from early hPSC‐CM cultures, while longer treatments may be used for treating hPSC‐CM cultures later in differentiation.

Introduction {#sct312085-sec-0002}
============

Human embryonic (hESC) and induced pluripotent stem cells (hiPSC), collectively termed human pluripotent stem cells (hPSC), are a renewable source for in vitro generation of a wide variety of cell types that are useful for the study of human development, disease modeling, and regenerative medicine. Significant progress has been made in developing efficient strategies for differentiating hPSC to many cell types, including cardiomyocytes (hPSC‐CM) that have proven useful for drug toxicity testing and human disease modeling [1](#sct312085-bib-0001){ref-type="ref"}, [2](#sct312085-bib-0002){ref-type="ref"}, [3](#sct312085-bib-0003){ref-type="ref"}, [4](#sct312085-bib-0004){ref-type="ref"}. However, the broad use of hPSC‐derived cells for human therapeutics has been limited by technical challenges regarding cell purity, subtype heterogeneity, maturation stage, mode of transplantation, and safety concerns including the potential for remnant hPSC to form teratomas at the site of transplantation [5](#sct312085-bib-0005){ref-type="ref"}, [6](#sct312085-bib-0006){ref-type="ref"}, [7](#sct312085-bib-0007){ref-type="ref"}, [8](#sct312085-bib-0008){ref-type="ref"}, [9](#sct312085-bib-0009){ref-type="ref"}.

To address the concern for teratoma tumor formation, several methods have been proposed to selectively eliminate undifferentiated hPSC from cultures of differentiated cells [10](#sct312085-bib-0010){ref-type="ref"}, [11](#sct312085-bib-0011){ref-type="ref"}, [12](#sct312085-bib-0012){ref-type="ref"}, [13](#sct312085-bib-0013){ref-type="ref"}, [14](#sct312085-bib-0014){ref-type="ref"}, [15](#sct312085-bib-0015){ref-type="ref"}, many of which target differences in cellular metabolism between hPSC and their differentiated progeny. We recently showed that inhibition of nicotinamide phosphoribosyltransferase (NAMPT) selectively eliminates hPSC and is advantageous for its efficacy in a broad range of culture conditions [16](#sct312085-bib-0016){ref-type="ref"}, [17](#sct312085-bib-0017){ref-type="ref"}. NAMPT, the rate limiting enzyme in the salvage pathway utilizing nicotinamide for NAD synthesis, is important for maintaining sufficient NAD levels to support pluripotency and for reprograming somatic cells to hiPSC [18](#sct312085-bib-0018){ref-type="ref"}. Ultimately, NAMPT inhibition in hPSC leads to a loss in ATP and cell death [17](#sct312085-bib-0017){ref-type="ref"}, [18](#sct312085-bib-0018){ref-type="ref"}. Early stage hPSC‐derivatives, including hPSC‐CM and neural progenitors, are resistant to short periods of NAMPT inhibition, whereas mature, differentiated cells, such as retinal epithelial cells and fibroblasts display increased resistance, suggesting that differentiation and maturation promote survival during NAMPT inhibition [17](#sct312085-bib-0017){ref-type="ref"}. In part, alterations in NAD or metabolic regulation during cellular differentiation may explain the differential sensitivity between hPSC and hPSC‐CM to NAMPT inhibition. hPSC are characterized by relatively immature mitochondria, increased reliance on glycolysis, and elevated flux through the pentose phosphate pathway [19](#sct312085-bib-0019){ref-type="ref"}, [20](#sct312085-bib-0020){ref-type="ref"}. As hPSC differentiate to hPSC‐CM, several changes in metabolism have been identified, including an increase in flux through the tricarboxylic acid cycle, use of alternative metabolic substrates, and increased mitochondrial maturation and respiration [6](#sct312085-bib-0006){ref-type="ref"}, [14](#sct312085-bib-0014){ref-type="ref"}, [18](#sct312085-bib-0018){ref-type="ref"}, [20](#sct312085-bib-0020){ref-type="ref"}, [21](#sct312085-bib-0021){ref-type="ref"}, [22](#sct312085-bib-0022){ref-type="ref"}, [23](#sct312085-bib-0023){ref-type="ref"}. Importantly, many of these metabolic changes occur in a time‐dependent manner during differentiation [24](#sct312085-bib-0024){ref-type="ref"}, [25](#sct312085-bib-0025){ref-type="ref"} and a number of recent studies have exploited these changes to select for hPSC‐CM or promote maturation [14](#sct312085-bib-0014){ref-type="ref"}, [21](#sct312085-bib-0021){ref-type="ref"}, [26](#sct312085-bib-0026){ref-type="ref"}.

While hPSC‐CM show resistance to NAMPT inhibition [16](#sct312085-bib-0016){ref-type="ref"}, [17](#sct312085-bib-0017){ref-type="ref"}, it is not yet understood how in vitro differentiation influences susceptibility to NAMPT inhibition. Such information would inform how and when NAMPT inhibition based approaches could be used for the elimination of tumorigenic cells from hPSC‐derived progeny. Also, further understanding of metabolic flexibility, and how it changes during differentiation, could benefit strategies designed to drive maturation in vitro and select maturation stage specific cells. Therefore, the goals of this study were to determine when cells become resistant to NAMPT inhibition during hPSC‐CM differentiation and how cells maintain ATP despite a loss of NAD. Changes in cellular responses to NAMPT inhibition were examined across multiple timepoints of hPSC‐CM differentiation and in a terminally differentiated fibroblast cell line. We find that while day 10 hPSC‐CM are resistant to shorter exposure times, day 28 hPSC‐CM can survive 72 hours NAMPT inhibition and maintain the ability to spontaneously contract. We show that NAMPT inhibitor‐induced death in hiPSC is not associated with cell proliferation or poly (ADP‐ribose) polymerase (PARP) activation. Rather, we show cell survival during NAMPT inhibition correlates with an ability to maintain ATP levels, despite decreased NAD levels, through continued utilization of glycolysis or mitochondrial respiration in a cell type dependent manner.

Materials and Methods {#sct312085-sec-0003}
=====================

Cell Culture and Reagents {#sct312085-sec-0004}
-------------------------

hiPSC (DF6‐9‐9T), hESC (H9) and human dermal fibroblasts (ATCC CRL‐2097) were cultured as previously described [16](#sct312085-bib-0016){ref-type="ref"}, [17](#sct312085-bib-0017){ref-type="ref"}. Cardiomyocyte differentiation was performed using DF6‐9‐9T plated at 5.73‐6.25e4 cells per cm^2^ and H9 plated at 1.55e4 cells per cm^2^ with differentiation as described [27](#sct312085-bib-0027){ref-type="ref"}. For differentiation using the CDM3 protocol, DF6‐9‐9T plated at 2.95e4 cells/cm^2^ cultured for 96 hours and differentiation was performed using the CDM3 protocol as described [28](#sct312085-bib-0028){ref-type="ref"}, with the exception that lactate selection was initiated at day 12 of differentiation for 96 hours. Experiments were performed on cultures with cells in a beating monolayer that are routinely \>80% troponin T2 (TNNT2) positive by day 10 ([17](#sct312085-bib-0017){ref-type="ref"}, [27](#sct312085-bib-0027){ref-type="ref"}, Supporting Information Fig. 1). Day 28 hiPSC‐CM were passaged using a modified protocol from Burridge et al. [28](#sct312085-bib-0028){ref-type="ref"}. Cells were incubated in 0.5 U/ml Liberase TH and 50 U/ml DNase I in 1 ml RPMI for 20 minutes at 37°C, then 1 ml TrypLE express was added. Cells were dispersed with gentle trituration every 1--2 minutes and plated on Matrigel at 4.6e5 cells per cm^2^ unless otherwise specified. For all experiments, cells were given 72 hours to recover prior to further use. Glucose deprivation media was prepared using base media with no glucose and with addition of media components as previously reported [16](#sct312085-bib-0016){ref-type="ref"}, [27](#sct312085-bib-0027){ref-type="ref"}.

Characterization of Day 28 hPSC‐CM {#sct312085-sec-0005}
----------------------------------

Day 28 hPSC‐CM were collected and flow cytometry for TNNT2 was performed as previously described (Abcam, Cambridge, MA, [www.abcam.com](http://www.abcam.com), ab8295‐1 µg primary antibody per 1e6 cells) [27](#sct312085-bib-0027){ref-type="ref"}. For qPCR, day 28 hESC‐CM were treated with dimethyl sulfoxide (DMSO) or STF‐31 (2.5 uM) for 72 hours. RNA was isolated using RNeasy Plus Mini kit (Qiagen, Germantown, MD, [www.qiagen.com](http://www.qiagen.com)) and reverse transcribed with iScript Reverse Transcription Supermix (Biorad, Hercules CA, [www.bio-rad.com](http://www.bio-rad.com)). For qPCR, 10 ng of cDNA was loaded per assay with TaqMan universal mastermix and run with Quant Studio 6 Flex (Thermo Fisher Scientific, Waltham, MA, [www.thermofisher.com](http://www.thermofisher.com)). TaqMan primers were used for POU5F1 (Hs04260367_gH), NANOG (Hs04260366_g1), and TNNT2 (Hs00165960_m1). Samples were analyzed using the ΔΔCT method normalized to beta‐actin (ACTB) and hiPSC positive control for hPSC genes (POU5F1 and NANOG) and Day 28 hESC‐CM treated with DMSO for TNNT2.

Cell Viability Assays {#sct312085-sec-0006}
---------------------

Two different NAMPT inhibitors, FK866 and STF‐31 [29](#sct312085-bib-0029){ref-type="ref"}, [30](#sct312085-bib-0030){ref-type="ref"}, [31](#sct312085-bib-0031){ref-type="ref"} were used throughout the study. Cells were treated with 100 nM FK866, 2.5 µM STF‐31, or glucose deprivation continuously for 72 hours with daily medium replacement. Cell viability was assessed with neutral red assay and SYTOX Green nucleic acid stain as previously described [17](#sct312085-bib-0017){ref-type="ref"} with the time of SYTOX incubation extended to 1 hour. To mitotically inactivate cells, 24 hours after plating, hPSC were treated with 8 µg/ml mitomycin c for 1.5 hours then washed four times with D‐PBS prior to treatment with 2.5 µM STF‐31 for 0--72 hours. For the fibroblast cell growth curve, STF‐31 treatment was initiated 24‐hour post plating and cell counts were performed daily up to 72 hours of continuous treatment. For mitotic inactivation and fibroblast growth curve measurements, cell viability was measured by trypan blue exclusion using a hemocytometer and viable cell count was reported for one well of a 24‐well plate.

Imaging {#sct312085-sec-0106}
-------

Immunofluorescence detection of TNNT2 was performed on day 28 hiPSC‐CM passaged onto 18 mm coverslips as previously described [17](#sct312085-bib-0017){ref-type="ref"} using mouse anti‐troponin T2 (3 µg/coverslip; ThermoFisher) and anti‐mouse IgG1 Alexa 568 (2 µg/coverslip; Thermofisher). For detection of mitochondrial potential, cells were incubated with 50 nM tetramethylrhodamine ethyl ester (TMRE) for 15 minutes at 37°C in 5% CO~2~, rinsed in D‐PBS and imaged immediately. Immunofluorescent and TMRE staining were imaged on a Nikon Eclipse 90i confocal microscope. Brightfield imaging of cell contraction and morphology was performed on a Nikon Ti‐U inverted microscope.

Nucleotide Analysis {#sct312085-sec-0007}
-------------------

Nucleotides were collected from hPSC, hPSC‐CM, and fibroblasts using acidic lysis and the levels of nucleotides were assessed using high performance liquid chromatography (HPLC) as previously described [17](#sct312085-bib-0017){ref-type="ref"}, [32](#sct312085-bib-0032){ref-type="ref"}.

Lactate Assay {#sct312085-sec-0008}
-------------

Lactate secretion into media was measured following 24--72 hours of treatment with NAMPT inhibitors or glucose deprivation in subconfluent hiPSC, day 28 hiPSC‐CM, and fibroblasts. Cells were washed twice with D‐PBS and placed in 500 µl of DMEM/F12 (hiPSC), DMEM (day 28 hiPSC‐CM and fibroblasts), DMEM minus glucose (glucose deprivation) without phenol red and were incubated for 2 hours at 37°C. Media were collected and placed on ice or stored at −80°C until use. Cells were lysed and total protein per well was quantified with Qubit Protein Assay (Thermofisher). Lactate levels in the medium were determined using lactate assay kit I or II (Sigma‐Aldrich, St. Louis, MO, [www.sigmaaldrich.com](http://www.sigmaaldrich.com)) per manufacturer\'s instructions and normalized to total protein.

Mitochondrial Stress Test {#sct312085-sec-0009}
-------------------------

Cells were plated in XF24 plates as follows: hiPSC (6e4 cells per well for 48 hours), day 28 hiPSC‐CM (1.2e5 cells per well for 72 hours) and fibroblasts (8.5e3 cells per well for 24 hours). Oxygen consumption rate was measured by a mitochondrial stress test with a Seahorse Bioscience XF24 Analyzer using subsequent additions of oligomycin (1.25 µM for hiPSC, and 3 µM for fibroblasts and day 28 hiPSC‐CM), carbonyl cyanide‐p‐trifluoromethoxyphenylhydrazone (FCCP) (1 µM all cell types), and Antimycin A (10 µM). Components of respiration were calculated as recommended by the manufacturer (Agilent, Santa Clara, CA, [www.agilent.com](http://www.agilent.com)) and normalized to total protein (µg).

Statistics {#sct312085-sec-0010}
----------

Data are represented as mean with standard error of the mean. When appropriate, one‐way analysis of variance (ANOVA) or students two tailed *t* test was performed when comparing treatments within a cell type. For comparisons among time points and treatment groups, unpaired, two‐way ANOVA was performed. All ANOVA calculations were performed with multiple comparisons using Tukey post hoc test. All statistics were analyzed using GraphPad Prism version 6.07.

Results {#sct312085-sec-0011}
=======

Survival During NAMPT Inhibition Increases with Cardiomyocyte Differentiation and Maturation {#sct312085-sec-0012}
--------------------------------------------------------------------------------------------

To determine when cardiomyocyte differentiation alters susceptibility to NAMPT inhibition, cells were treated with NAMPT inhibitors, STF‐31 or FK866, continuously for 72 hours beginning on day 0 (confluent monolayer of hiPSC), day 5 (committed cardiac progenitors), day 10 (committed cardiomyocytes that spontaneously contract), and day 28 (time point by which cells show increased oxidative phosphorylation from alternative substrates [21](#sct312085-bib-0021){ref-type="ref"} and adopt a more elongated mitochondrial morphology as compared to day 10 cells (Supporting Information Fig 2) and [18](#sct312085-bib-0018){ref-type="ref"}, [23](#sct312085-bib-0023){ref-type="ref"}, [33](#sct312085-bib-0033){ref-type="ref"}). Cell viability under NAMPT inhibition was assessed by neutral red uptake (an indirect assay of ATP levels) and SYTOX cell death assay (dependent on cell membrane permeability). Consistent with our previous studies [16](#sct312085-bib-0016){ref-type="ref"}, [17](#sct312085-bib-0017){ref-type="ref"}, continuous NAMPT inhibition is toxic to hiPSC (Fig. [1](#sct312085-fig-0001){ref-type="fig"}a, [1](#sct312085-fig-0001){ref-type="fig"}b). However, the number of cells that survive NAMPT inhibition increases with differentiation. Day 5 represents the first time in differentiation where a population of cells survive prolonged NAMPT inhibition (Fig. [1](#sct312085-fig-0001){ref-type="fig"}a, [1](#sct312085-fig-0001){ref-type="fig"}b and Supporting Information Fig. 3a, 3b). Although day 5 vehicle control treated hiPSC‐CM and hESC display increased cell death, possibly due to addition of IWR‐1 at this stage of differentiation, a population of cells remains viable after 72 hours of NAMPT inhibition. Moreover, a pulse treatment for 24 hours with 5 µM STF‐31 on day 5 avoids significant toxicity (Supporting Information Fig. 4A) and does not affect the ability of these cells to continue differentiating into contracting monolayers by day 15 (Supporting Information video 1 and 2). Day 10 hiPSC‐CM and hESC‐CM have increased cell survival with NAMPT inhibition; however, spontaneous contraction ceases by 72 hours of treatment and increased cell death is observed by 96 hours (data not shown). The toxicity resulting from continuous NAMPT inhibitor treatment at day 5 and 10 is consistent with our previous report [17](#sct312085-bib-0017){ref-type="ref"}, demonstrating that treatment with 2.5 µM STF‐31 for 24--48 hours did not produce adverse effects on hiPSC‐CM, although measurable toxicity was observed with 72 hours treatment.

![Nicotinamide phosphoribosyltransferase inhibition mediated toxicity decreases as human pluripotent stem cells differentiate and continue to mature. **(A, B)**: Bar graphs of cell viability as measured by neutral red (A) or SYTOX cell death assay (B) in cultures at various stages of differentiation (day 0, 5, 10, 28) treated with 2.5 µM STF‐31 or 100 nM FK866 for 72 hours **(C)**: Representative immunofluorescence staining for cardiac troponin T2 (red) and nuclei (Hoechst‐blue) in passaged day 28 hiPSC‐CM treated with 2.5 µM STF‐31 or 100 nM FK866 for 72 hours with imaging at ×20 (left) and ×100 (right). Bottom panel represents staining with secondary antibody only. Scale bar is 200 µm and 20 µm, respectively. (**D, E)**: Bar graphs of cell viability as measured by neutral red (D) or SYTOX cell death assay (E) in human dermal fibroblasts following 3‐10 days of continuous treatment with 2.5 µM STF‐31 or 100 nM FK866. **(F)**: Representative brightfield images showing fibroblast morphology at 10x following 72 hours continuous treatment with 2.5 µM STF‐31 or 100 nM FK866 and 24 hours recovery after washout of treatment at 72 hours. Scale bar is 50 µm. Data are represented as mean ± SEM for 3‐6 biological replicates in each group (*N* = 3 STF‐31 and FK866 treatment; *N* = 4--6 DMSO). \*, *p* \< .05. Abbreviations: DMSO, dimethyl sulfoxide; hiPSC‐CM, human induced pluripotent stem cells‐derived cardiomyocytes.](SCT3-6-1191-g001){#sct312085-fig-0001}

In contrast to cells from earlier time points of differentiation, 72 hours NAMPT inhibition in day 28 hiPSC‐CM and hESC‐CM does not result in significant cellular toxicity (Fig. [1](#sct312085-fig-0001){ref-type="fig"}a, [1](#sct312085-fig-0001){ref-type="fig"}b and Supporting Information Fig. 3a, 3b). To confirm that these observations are not dependent on the differentiation protocol, an alternative CDM3 cardiomyocyte differentiation protocol was used. Results are consistent between the two differentiation protocols used, as there is no significant difference in cell viability after 72 hours of STF‐31 treatment in Day 28 hiPSC‐CM generated with the CDM3 differentiation protocol (Supporting Information Fig. 3c). For all cell types and differentiation protocols, day 28 hPSC‐CM continue to spontaneously contract throughout 72 hours treatment (Supporting Information video 3 and 4) and remain positive for cardiac TNNT2 with structural organization comparable to vehicle control (Fig. [1](#sct312085-fig-0001){ref-type="fig"}c). Relative expression of TNNT2 and pluripotency markers POU5F1 and NANOG are not altered with STF‐31 treatment in day 28 hESC‐CM and expression of pluripotency markers is minimal when compared to hPSC (Supporting Information Fig. 5). These results indicate that cell survival during NAMPT inhibition increases with time in culture, where measurable viability (∼15%--30%) is first observed in committed cardiac progenitors and increased total viability (∼50%--80%) is observed in the early phases of cardiomyocyte commitment.

Fibroblasts Survive Prolonged Treatment With NAMPT Inhibitors {#sct312085-sec-0013}
-------------------------------------------------------------

In addition to hiPSC‐CM, other hiPSC‐derived progeny and somatic cell lines are resistant to NAMPT inhibition [17](#sct312085-bib-0017){ref-type="ref"}. Here, the effects of prolonged NAMPT inhibition on human dermal fibroblasts were examined to determine if terminally differentiated cells are more resistant to longer treatment times as compared to immature cell types (i.e., day 5 or 10 hiPSC‐CM). Dermal fibroblasts were selected because they are a terminally differentiated cell type derived from the same mesoderm lineage as cardiomyocytes and are the precursor cells from which the hiPSC are derived. In fibroblasts treated for 72 hours, only FK866 treatment led to a significant decrease in viability as determined by neutral red assay. No toxicity was detected by SYTOX assay for either NAMPT inhibitor by 72 hours (Fig. [1](#sct312085-fig-0001){ref-type="fig"}d, [1](#sct312085-fig-0001){ref-type="fig"}e). Increasing the treatment time to 7--10 days similarly led to a decrease in viability as measured by neutral red uptake for both inhibitors. However, only FK866 led to significant, though incomplete, toxicity as measured by SYTOX (∼30%) (Fig. [1](#sct312085-fig-0001){ref-type="fig"}e). Although, fibroblast toxicity was not affected following 72 hours of STF‐31, altered cellular morphology was observed by brightfield microscopy (Fig. [1](#sct312085-fig-0001){ref-type="fig"}F). Between 48 and 72 hours of treatment, fibroblasts treated with both STF‐31 and FK866 display a rounded morphology, without alteration in cell attachment. These changes are reversible as cells allowed to recover for 24 hours following removal of NAMPT inhibitors are morphologically indistinguishable from control cells. Altogether, terminally differentiated fibroblasts are similar to day 28 hiPSC‐CM in their resistance to the toxic actions of prolonged periods of NAMPT inhibition as compared to hPSC or progenitor cells.

Survival Correlates With the Maintenance of ATP levels {#sct312085-sec-0014}
------------------------------------------------------

NAMPT inhibition in hPSC leads to a loss of NAD, decrease in mitochondrial respiration and glycolysis, and ultimately ATP depletion [17](#sct312085-bib-0017){ref-type="ref"}. Therefore, cellular NAD^+^ and ATP levels were measured in the presence or absence of NAMPT inhibition throughout hPSC‐CM differentiation and in fibroblasts to determine whether survival from the toxic actions of STF‐31 and FK866 associates with altered nucleotide levels in these cell types in comparison to hPSC. In hPSC, NAMPT inhibition causes a rapid depletion in NAD^+^ followed by a decrease in ATP levels by 24 hours (Fig. [2](#sct312085-fig-0002){ref-type="fig"}a and Supporting Information Fig. 6). In contrast, hPSC‐CM and fibroblasts maintain ATP levels, despite loss of NAD^+^ (Fig. [2](#sct312085-fig-0002){ref-type="fig"}a and Supporting Information Fig. 6a). In day 10 hPSC‐CM, NAD^+^ levels decrease within 24 hours of NAMPT inhibition while ATP levels are maintained until 48 hours. In day 28 hPSC‐CM, NAMPT inhibition results in the depletion of NAD^+^ by 48 hours of treatment without significant loss of ATP at 72 hours (Fig. [2](#sct312085-fig-0002){ref-type="fig"}a and Supporting Information Fig. 6). These findings suggest that differentiation of hPSC to hPSC‐CM is associated with an increased ability to maintain ATP levels under conditions in which cellular NAD^+^ is depleted. Consistent with cell viability data described above, as hPSC‐CM differentiate they become partially resistant to a loss in ATP during NAD^+^ depletion resulting from NAMPT inhibition by day 10 and are fully resistant by day 28. Terminally differentiated fibroblasts are similar to day 28 hPSC‐CM as they maintain ATP throughout treatment with STF‐31 (Fig. [2](#sct312085-fig-0002){ref-type="fig"}a).

![ATP levels are maintained in differentiated cardiomyocytes despite NAD^+^ depletion. (**A)**: Bar graphs representing cellular nucleotide pools of NAD^+^ and ATP following 3‐72 hours treatment with 2.5 µM STF‐31, and 100 nM FK866 in hiPSC (only 3‐24 hours), day 10 and 28 hiPSC‐CM, and fibroblasts (3‐72 hours). **(B)**: Bar graphs depicting NAD^+^ and ATP levels in hiPSC with 24 hours 2.5 µM STF‐31 or combined treatment with 10 µM NA and 2.5 µM STF‐31. (**C)**: Bar graphs depicting NAD^+^ and ATP levels in fibroblasts after 7 and 10 days of continuous treatment with 2.5 µM STF‐31. Data are represented as mean ± SEM for 3‐7 biological replicates in each group (*N* = 3--4 STF‐31 and FK866 treatment; *N* = 4--7 DMSO). \*, *p* \< .05. Abbreviations: DMSO, dimethyl sulfoxide; hiPSC‐CM, human induced pluripotent stem cell‐derived cardiomyocytes.](SCT3-6-1191-g002){#sct312085-fig-0002}

To further determine the relationship between NAD^+^ levels, ATP maintenance and cell survival, hiPSC were cotreated with STF‐31 and nicotinic acid (NA, 10 µM), which provides an alternative substrate for NAD synthesis to bypass the inhibition of NAMPT. NAD^+^ levels are restored to ∼35% of DMSO control and prevent ATP depletion (Fig. [2](#sct312085-fig-0002){ref-type="fig"}b). Thus, we observe that a partial rescue of NAD^+^ levels is sufficient to completely prevent depletion of ATP (Fig. [2](#sct312085-fig-0002){ref-type="fig"}b) and cell viability [17](#sct312085-bib-0017){ref-type="ref"} in hiPSC during NAMPT inhibition. In the case of fibroblasts, exposure to extended periods of NAMPT inhibition (2.5 µM STF‐31 for 7 and 10 days) is associated with the maintenance of ATP despite almost complete loss of cellular NAD^+^ (Fig. [2](#sct312085-fig-0002){ref-type="fig"}c). Taken together, these data suggest that the ability of differentiated cells to survive NAMPT inhibition depends on their ability to maintain a small pool of NAD^+^ that supports the cells\' ability to preserve ATP levels.

Cell Death due to NAMPT Inhibition---The Role of Cell Proliferation and PARP Activation {#sct312085-sec-0015}
---------------------------------------------------------------------------------------

During cell growth or proliferation there may be an increased demand for NAD or ATP. To evaluate if the selective toxicity mediated by NAMPT inhibition in hPSC is dependent on the highly proliferative nature of these cells, hiPSC were mitotically inactivated with a short pulse treatment of mitomycin c (8 µg/ml for 1.5 hours). Control and mitotically inactivated hiPSC were treated with 2.5 µM STF‐31 for 0--72 hours and the total viable cell number was determined (Fig. [3](#sct312085-fig-0003){ref-type="fig"}A). As expected, DMSO control hiPSC proliferate until 48 hours after which they reach confluence. Mitomycin c treatment prevented proliferation in hiPSC. Comparable to proliferating hiPSC, STF‐31 treatment in mitotically inactive hiPSC was toxic, leading to the absence of live cells by 72 hours. While these findings show that cell proliferation does not modify the ability of NAMPT inhibitors to induce hiPSC death, they suggest that NAMPT inhibition may attenuate hiPSC proliferation, as hiPSC treated with STF‐31 for 24 hours do not increase in cell number. However, the decrease in cell proliferation appears to be cell type selective as NAMPT inhibition does not alter the fibroblast growth curve (Fig. [3](#sct312085-fig-0003){ref-type="fig"}b).

![Nicotinamide phosphoribosyltransferase Inhibition mediated toxicity is independent of proliferation and proliferation or poly (ADP‐ribose) polymerase activity. (**A)**: Bar graph of total viable cells as measured by trypan blue exclusion in proliferating and mitotically inactivated DF6‐9‐9T (mitomycin c for 3 hours) treated with 2.5 µM STF‐31 for 24 and 72 hours. **(B)**: Growth curve of fibroblasts treated with 2.5 µM STF‐31 and 100 nM FK866 for 0‐72 hours. **(C)**: Cell viability measured by neutral red in DF6‐9‐9T treated with 2.5 µM STF‐31 and 1 or 10 µM PJ‐34 for 30 and 48 hours. **(D, E)**: NAD^+^ (D) and ATP (E) levels measured by HPLC after treatment with 2.5 µM STF‐31 and 10 µM PJ‐34 for 3 and 24 hours. Data are represented as mean ± SEM for *N* = 3 biological replicates in each group. \*, *p* \<.05 compared to DMSO +, *p* \< .05 compared to 0 hours time point in treatment group \#, *p* \< .05 compared to STF‐31. Abbreviation: DMSO, dimethyl sulfoxide.](SCT3-6-1191-g003){#sct312085-fig-0003}

NAMPT inhibitor‐mediated toxicity of hiPSC correlates with NAD and ATP depletion. Thus, the potential role of PARP over‐activation was examined because it can cause NAD^+^ and ATP depletion [34](#sct312085-bib-0034){ref-type="ref"}. As shown in Figure [3](#sct312085-fig-0003){ref-type="fig"}c, the PARP inhibitor PJ‐34 does not modify STF‐31 mediated toxicity of hiPSC cells following 48 hours incubation with both inhibitors. However, a partial (∼50%), but significant protection is observed after 30 hours of cotreatment with STF‐31 and PJ‐34 compared to STF‐31 alone (Fig. [3](#sct312085-fig-0003){ref-type="fig"}c). These results suggest that PARP inhibition may delay hiPSC death; however, PARP over‐activation is ultimately not responsible for toxicity mediated by NAMPT inhibition. To assess whether the delay in toxicity could be explained by maintenance of NAD^+^ or ATP levels, nucleotides were measured when NAD^+^ is partially depleted (3 hours) and ATP levels are decreased (24 hours). While NAD^+^ levels were not altered by PARP inhibition (Fig. [3](#sct312085-fig-0003){ref-type="fig"}c), ATP levels were maintained at 24 hours (Fig. [3](#sct312085-fig-0003){ref-type="fig"}d). Consequently, the delay in NAMPT‐mediated toxicity with PARP inhibition may be attributed to maintenance of ATP levels at 24 hours; however, this occurs in a temporally limited manner.

Cardiomyocytes Maintain Glycolytic Flux During NAMPT Inhibition {#sct312085-sec-0016}
---------------------------------------------------------------

In human cancer cells and *C. elegans* the depletion of NAD levels during NAMPT inhibition is associated with decreased glycolytic flux through attenuation of GAPDH activity [35](#sct312085-bib-0035){ref-type="ref"}, [36](#sct312085-bib-0036){ref-type="ref"}, [37](#sct312085-bib-0037){ref-type="ref"}, [38](#sct312085-bib-0038){ref-type="ref"}. This effect impairs both the generation of ATP and cycling of NAD(H). Here, the formation of lactate, a downstream product of glycolysis, was used to examine how NAD^+^ depletion affects glycolytic flux. Consistent with our previous observation that basal extracellular acidification rate decreases following 16 hours of treatment with STF‐31 in hiPSC [17](#sct312085-bib-0017){ref-type="ref"}, lactate secretion in hiPSC decreases following 24 hours of NAMPT inhibition (Fig. [4](#sct312085-fig-0004){ref-type="fig"}a). However, day 28 hiPSC‐CM continue to secrete lactate throughout 72 hours of NAMPT inhibition (Fig. [4](#sct312085-fig-0004){ref-type="fig"}a) (conditions in which there is a significant depletion of NAD^+^ (Fig. [2](#sct312085-fig-0002){ref-type="fig"}a)). Although lactate secretion is attenuated following 72 hours treatment with NAMPT inhibitors in day 28 hiPSC‐CM, as compared to vehicle control, the levels are well above those from hiPSC‐CM that have been deprived of glucose. In contrast to these observations, fibroblasts do not maintain lactate secretion after 48--72 hours of NAMPT inhibition. The decrease in lactate secretion correlates with the loss of NAD^+^ (Figs. [2](#sct312085-fig-0002){ref-type="fig"}a, [4](#sct312085-fig-0004){ref-type="fig"}a) and by 72 hours, lactate secretion is comparable to the amount produced following glucose deprivation. Overall, these data show glycolysis is differentially inhibited by NAD^+^ depletion in a cell type selective manner: hPSC‐CM preserve glycolytic flux despite loss of NAD^+^ whereas fibroblasts do not.

![Nicotinamide phosphoribosyltransferase inhibition affects glycolytic flux in a cell type dependent manner. (**A)**: Lactate secretion as measured by colorimetric assay following treatment with 2.5 µM STF‐31 or 100 nM FK866 for 24 hours in hiPSC and 24--72 hours in day 28 hiPSC‐CM and fibroblasts. **(B, C)**: Bar graphs depicting cell viability following 72 hours of glucose deprivation as measured by neutral red and SYTOX cell death assay in day 28 hiPSC‐CM (B) and fibroblasts (C). Data are represented as mean ± SEM for 3--6 biological replicates in each group (*N* = 3 STF‐31 and FK866; *N* = 6 DMSO for hiPSC and fibroblasts, *N* = 3 cardiomyocytes). \*, *p* \< .05. Abbreviations: DMSO, dimethyl sulfoxide; hiPSC‐CM, human induced pluripotent stem cells‐derived cardiomyocytes.](SCT3-6-1191-g004){#sct312085-fig-0004}

To follow up on these observations, day 28 hPSC‐CM and fibroblast survival was examined under conditions of glucose deprivation to determine if a decreased glycolytic flux is toxic in either of these cell types. Cell viability was measured after 72 hours of glucose deprivation using ATP‐dependent neutral red and SYTOX cell death assays (Fig. [4](#sct312085-fig-0004){ref-type="fig"}b, [4](#sct312085-fig-0004){ref-type="fig"}c). While day 28 hiPSC‐CM continue to spontaneously contract throughout 72 hours of glucose deprivation (Supporting Information videos 6 and 7), approximately 20% of cells die under these conditions as determined by brightfield microscopy (Supporting Information video 6) and viability assays (Fig. [4](#sct312085-fig-0004){ref-type="fig"}b). Fibroblast viability was not significantly affected by glucose deprivation (Fig. [4](#sct312085-fig-0004){ref-type="fig"}c). Overall, these data suggest that the majority of day 28 hiPSC‐CM and fibroblasts can survive under conditions of limited glycolytic flux that is present during NAMPT inhibition or glucose deprivation. However, while both glucose deprivation and NAMPT inhibition are not toxic to day 28 hiPSC‐CM or fibroblasts, these conditions differentially affect glycolytic flux in these cell types.

Mitochondrial Respiration Continues During NAMPT Inhibition in Cardiomyocytes and Fibroblasts {#sct312085-sec-0017}
---------------------------------------------------------------------------------------------

To determine how NAD^+^ depletion affects mitochondrial oxidative phosphorylation, mitochondrial stress tests were performed under conditions in which NAD^+^ levels are significantly depleted in hiPSC (18 and 24 hours treatment) as well as day 28 hiPSC‐CM and fibroblasts (48 and 72 hours treatment). NAMPT inhibition in hiPSC results in an attenuation of all aspects of respiration measured by the mitochondrial stress test (Fig. [5](#sct312085-fig-0005){ref-type="fig"}a--[5](#sct312085-fig-0005){ref-type="fig"}c and Supporting Information Fig. 4b). Despite a decrease in respiration, 24 hours of exposure to NAMPT inhibition is required to attenuate the coupling efficiency of hiPSC (Fig. [5](#sct312085-fig-0005){ref-type="fig"}b). At this time point, cell death has been initiated as evidenced by enhanced cleavage of caspases [17](#sct312085-bib-0017){ref-type="ref"}. Unlike hiPSC, day 28 hiPSC‐CM (Fig. [5](#sct312085-fig-0005){ref-type="fig"}c) and fibroblasts (Fig. [5](#sct312085-fig-0005){ref-type="fig"}d) maintain basal respiration. Only after 72 hours incubation with NAMPT inhibitors is basal respiration decreased in day 28 hiPSC‐CM, while fibroblasts maintain basal respiration throughout 72 hours of treatment with NAMPT inhibitors. The decrease in basal respiration coupling efficiency in day 28 hiPSC‐CM incubated for 72 hours correlates with a decrease in ATP linked respiration (Fig. [5](#sct312085-fig-0005){ref-type="fig"}c and Supporting Information Fig. 4c). Following shorter exposures to NAMPT inhibition, basal respiration is maintained yet maximal respiratory capacity is decreased (Fig. [5](#sct312085-fig-0005){ref-type="fig"}c, [5](#sct312085-fig-0005){ref-type="fig"}d). These results indicate that later stage hiPSC‐CM and fibroblasts have the capacity to maintain mitochondrial respiration under conditions of NAD^+^ depletion, although these cells have decreased total mitochondrial capacity.

![Mitochondrial respiration is maintained in differentiated cells following nicotinamide phosphoribosyltransferase inhibition. (**A)**: Mitochondrial stress test was performed on hiPSC following 18 and 24 hours 2.5 µM STF‐31 or 100 nM FK866 and on day 28 hiPSC‐CM and fibroblasts following 48 and 72 hours treatment. Addition of oligomycin, FCCP, and antimycin for the mitochondrial stress test are denoted with arrows and letters A‐C within the figure, respectively. **(B--D)**: Analysis of basal respiration, maximal respiratory capacity, and coupling efficiency in hiPSC (B), day 28 hiPSC‐CM (C), and fibroblasts (D). **(E)**: Representative images from three biological replicates for tetramethylrhodamine ethyl ester staining after 24 hours of 2.5 µM STF‐31 or 100 nM FK866 in hiPSC and 72 hours in day 28 hiPSC‐CM and fibroblasts imaged at ×100. 10 µM FCCP for 45--60 minutes was used to confirm mitochondrial potential specific staining. Scale bar is 20 µm. Data are represented as mean ± SEM for three biological replicates in each group. \*, *p* \< .05. Abbreviations: DMSO, dimethyl sulfoxide; hiPSC‐CM, human induced pluripotent stem cells‐derived cardiomyocytes.](SCT3-6-1191-g005){#sct312085-fig-0005}

Basal respiration was significantly decreased in hiPSC and day 28 hiPSC‐CM following NAMPT inhibition for 24 and 72 hours, respectively. Therefore, we examined TMRE accumulation to evaluate whether mitochondrial membrane potential is still present in these cells after the same treatment strategy. TMRE accumulation is present in hiPSC and day 28 hiPSC‐CM at a time when NAMPT inhibition decreases basal respiration (Fig. [5](#sct312085-fig-0005){ref-type="fig"}e). In hiPSC, day 28 hiPSC‐CM, and fibroblasts, mitochondria remain TMRE positive in the presence of NAMPT inhibitors indicating a mitochondrial membrane potential is present despite a decrease in NAD^+^ or basal respiration associated with NAMPT inhibition. As a control, cells were treated with 10 µM FCCP (uncoupling agent) for 1 hours to confirm TMRE staining is present only in mitochondria with intact membrane potential (Fig. [5](#sct312085-fig-0005){ref-type="fig"}e). These findings indicate that day 28 hiPSC‐CM and fibroblasts have an ability to maintain mitochondrial respiration during NAMPT inhibition, and this respiration can support mitochondrial ATP synthesis.

Discussion {#sct312085-sec-0018}
==========

In this study, we provide evidence that cell survival under conditions of NAMPT inhibition increases during hPSC‐CM differentiation and maturation in vitro. Cell survival correlates with an ability to maintain ATP despite NAD^+^ depletion, and the mechanisms by which ATP pools are maintained appears to be the maintenance of glycolysis and/or mitochondrial respiration (Fig. [6](#sct312085-fig-0006){ref-type="fig"}). Overall, there are several factors that are important for determining cell survival following NAMPT inhibition, each of which appear to be cell type selective and maturation state dependent. These factors include the length of exposure to NAMPT inhibitors, the rate of NAD depletion, and the thresholds of NAD required to maintain NAD‐dependent metabolism.

![Schematic overview depicting changes in cell viability, nucleotide pools, and metabolic pathways following NAMPT inhibition in hiPSC, hiPSC‐CM, and fibroblasts. Abbreviations: hiPSC‐CM, human induced pluripotent stem cells‐derived cardiomyocytes; NAMPT, nicotinamide phosphoribosyltransferase; TCA, tricarboxylic acid. See [www.StemCellsTM.com](http://www.StemCellsTM.com) for supporting information available online.](SCT3-6-1191-g006){#sct312085-fig-0006}

Toxicity in hiPSC resulting from NAMPT inhibition does not correlate with cell proliferation or activation of the NAD degrading enzyme PARP. In contrast, it is the ability to maintain ATP despite the loss of cellular NAD^+^ pools that is an important factor in determining cell survival during NAMPT inhibition. The timing and mechanisms by which cells preserve ATP despite loss of NAD^+^ vary among the cell types tested here. NAMPT inhibition in hPSC results in a rapid loss of NAD that is followed by a decrease in glycolytic and mitochondrial metabolism. By day 10 of differentiation, ATP depletion is delayed and cell toxicity is minimal when NAMPT inhibition is limited to ≤48 hours of treatment. However, prolonged treatment leads to loss of cardiomyocyte contractility by 72 hours followed by near complete cell death by 96 hours (data not shown). Once hiPSC‐CM have reached 28 days of differentiation, they are resistant to the toxic actions of NAMPT inhibition, displaying both a delay in NAD^+^ depletion and increased maintenance of glycolysis and mitochondrial respiration. Strikingly, in day 28 hiPSC‐CM, glycolysis remains intact despite having NAD^+^ levels at the limits of detection by HPLC. This finding was unexpected as glycolytic flux and lactate production are both dependent on NAD as a redox cofactor. Similar observations were found with mitochondrial respiration in both dermal fibroblasts and day 28 hiPSC‐CM.

The survival of day 28 hiPSC‐CM under conditions of glucose deprivation and NAMPT inhibition suggests that these cells are capable of maintaining ATP through multiple pathways. In response to NAMPT inhibition, mitochondrial respiration and glycolysis remain intact. However, glycolysis is dispensable in day 28 hiPSC‐CM, as cells continue to spontaneously contract and minimal cell death is observed following 72 hours of glucose deprivation. These results are consistent with previous studies showing that hPSC‐CM can survive in cultures deprived of glucose with lactate supplementation [14](#sct312085-bib-0014){ref-type="ref"}. Extending these observations, we show that by day 28, lactate supplementation is not required for hiPSC‐CM survival during glucose deprivation, as cells can utilize alternative pathways and substrates to generate ATP. In summary, by determining susceptibility to NAMPT inhibition at defined timepoints in differentiation, these data will inform how to refine approaches for eliminating tumorigenic cells that may be present in hPSC‐CM. While a 24--48 hours pulse treatment may be an effective strategy to eliminate hPSC from early hPSC‐CM cultures, longer treatments (72 hours) may be used for treating hPSC‐CM cultures later in differentiation. Moreover, these data add to our knowledge of cellular metabolism during differentiation, which is increasingly being considered in strategies to drive maturation in vitro and for the selection of maturation stage specific cells [6](#sct312085-bib-0006){ref-type="ref"}, [22](#sct312085-bib-0022){ref-type="ref"}).

These data also suggest that in some respects, day 28 hiPSC‐CM begin to resemble rat neonatal cardiomyocytes during NAMPT inhibition, as both cell types maintain ATP and remain viable in the presence of FK866 [39](#sct312085-bib-0039){ref-type="ref"}. While explanted rat neonatal cardiomyocytes treated with NAMPT inhibitors have increased susceptibility to H~2~O~2~‐mediated cell death and have altered cellular signaling during NAMPT inhibition, this was observed at higher concentrations of FK866 (1--10 µM) than used in the current studies. It is not yet known if similar effects occur on hPSC‐CM at the concentrations necessary to eliminate undifferentiated hPSC, but this will be important to assess in future studies. Finally, it is not yet clear how hPSC‐CM and fibroblasts maintain ATP and cell viability despite decreased or undetectable levels of cellular NAD^+^. We speculate that one possibility could be the presence of a NAMPT‐inhibitor resistant pool of NAD, similar to what has been reported in HeLa cells [40](#sct312085-bib-0040){ref-type="ref"}. It is also possible that differential utilization of NAD synthesis pathways [41](#sct312085-bib-0041){ref-type="ref"}, [42](#sct312085-bib-0042){ref-type="ref"}, localization of NAD pools [42](#sct312085-bib-0042){ref-type="ref"}, [43](#sct312085-bib-0043){ref-type="ref"}, [44](#sct312085-bib-0044){ref-type="ref"}, or competition with other NAD requiring processes [45](#sct312085-bib-0045){ref-type="ref"}, [46](#sct312085-bib-0046){ref-type="ref"} play a role in determining the quantity of NAD that is sufficient to support NAD‐dependent processes, such as glycolysis and lactate production in hPSC‐CM.

Conclusion {#sct312085-sec-0019}
==========

This study further supports our previous reports that NAMPT inhibition can be used to selectively eliminate undifferentiated hiPSC [16](#sct312085-bib-0016){ref-type="ref"}, [17](#sct312085-bib-0017){ref-type="ref"} by providing more details concerning optimal timepoints and treatment duration with NAMPT inhibition. By assessing survival during NAMPT inhibition at various stages of differentiation (undifferentiated, cardiac progenitors, committed cardiomyocytes, and later stage cardiomyocytes), we show that resistance to NAMPT inhibition increases with cardiomyogenic commitment. However, differentiation alone is not sufficient to protect from prolonged NAMPT inhibition, as day 10 cells can only survive 48 hours of treatment. With continued culturing, possibly due to maturation, cells continue to develop resistance such that by day 28 cells can survive 72 hours treatment. Furthermore, this increased resistance to NAMPT inhibition correlates with an ability to maintain cellular energy pools through continued glycolytic flux or mitochondrial respiration despite a significant loss in NAD levels. Overall, we show a shift in susceptibility to NAMPT inhibition with in vitro cardiomyogenic differentiation and continued culturing, which provides new insight into how NAD regulation and differential maintenance of energy stores mediate survival during NAMPT inhibition during hiPSC‐CM differentiation.
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